Condition monitoring in power electronics is critical for operational management and control in the context of prolonging the life of the power converter. This becomes even more critical in large complex systems like grid connected voltage source converters for HVDC systems. The common failure modes in power modules based on DBC substrate technology include solder pad delamination and wire-bond lift-off. Both these failure modes have the effect of increasing the junction temperature of the device since the thermal resistance and switching/conduction losses increase. Hence, monitoring the junction temperature using integrated on-chip sensors or temperature sensitive electrical parameters is an active research area. Power modules are comprised of several dies which may degrade at a non-uniform rate thus resulting non-uniform switching rates and junction temperatures between the dies in the module. In this paper, Total Harmonic Distortion (THD) analysis is investigated as a method of condition monitoring. A full bridge power module is driven and by switching the individual devices with different gate resistances, the impact of non-uniform switching losses on the output harmonics is analysed. The impact of variations in the junction temperature on output harmonics is also analysed.
Introduction
Two level power inverters are typically used in many power electronic applications including renewable energy integration and low/medium voltage electric drives. Some of these converters operate under harsh ambient conditions and may not be easily accessible, thus making maintenance expensive. Furthermore, the unpredictable dynamic loading of these inverters further stresses the devices and modules. IGBTs and PiN diodes are mostly used, however SiC devices are increasingly becoming competitive. The power cycling of these devices can result in wire bond lift-off or solder delamination both of which are the main failure modes in power inverters. These failure modes take account for more than 20% of the failures in a converter system [1] . Moreover, the catastrophic failure of power devices may cause extended damage to the rest of the system. Hence, reliability of power electronics is an important element in safety-critical systems.
Most of the wear-out mechanisms in power electronics develop slowly during power cycling thereby making condition monitoring of the devices an important area. Increase in the on-state resistance, junction temperature and the gate resistance of the device due to power cycling and thermal fatigue are some examples of parameters which can be investigated during the condition monitoring. The impact of these parameters on the behaviour of the device has been investigated previously in [2, 3] . Moreover, using the total harmonic distortion (THD) of the output waveforms can also be used as a method for condition monitoring. In [1] the impact of fifth harmonic of the current output is investigated as a parameter for condition monitoring.
With SiC power devices gaining increased penetration into the power electronics application space, the question of condition monitoring in SiC power devices will also become more pertinent. The impact of increased junction temperature and non-uniform switching rates on the THD of the output voltage in SiC-based power modules has not been investigated. SiC is a wide bandgap material and is therefore less sensitive to temperature than silicon since the rate of thermal carrier generation is lower i.e. more energy is required to excite carriers across the bandgap.
The objective of this paper is the analysis of the open-loop output voltage distortion of a PWM inverter caused by (i) a rise in the temperature of the power module and (ii) non-uniform switching rate between the devices. By using THD analysis on the output voltage of the converter, the impact of non-uniform switching rates and junction temperatures can be studied for both unipolar and bipolar voltage switching schemes. Section 2 explains the measurement setup used to for THD analysis. Section 3 shows some experimental results and discussion while section 4 concludes the paper.
Experimental Setup
The suitability of the THD as a signature parameter for condition monitoring has been evaluated using an HBridge topology. An H-bridge topology consists of 4 active switching power semiconductor and a load connected between the two legs of the inverter. Both silicon IGBT and SiC MOSFET modules were assessed. The Si IGBT module is the SK-100-GD-126 from Semikron and the SiC MOSFET power module is a CCS050M12CM12 from Wolfspeed. Both modules selected for this study are 1200V/100A rated. The test rig used for performing this study is shown in Fig. 1(b Fig. 1 (a), in the bipolar switching scheme IGBT1/IGBT4 and IGBT2/IGBT3 are treated as switching pairs that are simultaneously turned on and turned off [4] . where m = modulation index
The THD analysis of these waveforms is shown in Fig. 4 . Fig.  4 (a) and Fig. 4(b) indicate that the unipolar PWM switching scheme shows significantly lower content in harmonics than the bipolar scheme. Also, Figure 4 (c) shows that for both switching schemes the THD is directly proportional to the switching frequency. As the unipolar switching scheme shows lower THD in the output voltage, the measurements for evaluating the suitability of the THD as health indicator have been performed using the unipolar switching scheme. 
Impact of Aging of Power Module on THD Analysis
Wire-bond lift-off and solder/die attach voiding are understood to be the dominant mode of failure in power electronic modules. Wire-bond lift-off can occur as a result of thermo-mechanical forces from thermal cycling degrading the interfaces between the wires and the source metal. The result of the degraded wire-bond is increased series resistance leading to an increase in the on-state conduction losses if the wire-bonds are the source wires. In the case of the gate wirebonds, degraded contact resistance will lead to increased switching losses resulting from higher gate resistance. In both cases, the result is increased junction temperature of the devices in the module.
Moreover, as the device undergoes thermal cycling, the solder layer between the semiconductor and the Cu layer of the DBC substrate gets delaminated as voids and diagonal cracks start to form and propagate. This process of solder voiding increases the thermal resistance of the device and causes the device to operate at a higher junction temperature. Moreover, the increase in the junction temperature of the device has impact on the thermal dependent parameters of the device such as threshold voltage, MOS transconductance, mobility of electrons and holes, carrier lifetime in case of IGBTs and etc. Consequently, devices switch differently and this can have an impact on the THD of the voltage of the converter.
In this paper impact of the junction temperature and switching rates on the THD of the output voltage have been studied for silicon IGBT and SiC power modules. The switching rate of the devices have been adjusted by changing the gate resistance used to drive the devices. Ideally, all devices in the module should be switched with the same gate resistance, however, non-uniform gate wirebond degradation may cause differences in the switching rate between the devices in the module. Devices may degrade at a non-uniform rate thereby leading to a non-uniform junction temperature between the devices in the module. To emulate this, experiments have been done to investigate the impact of a non-uniform switching rate between the devices in the converter on the THD of the output voltage. Also, the junction temperature of the device is also varied and the impact of increased junction temperature on THD has been analysed. The impact of temperature on the switching behaviour of Silicon IGBT power module and SiC MOSFET power module on the THD analysis of the output voltage of the full-bridge was measured using the test rig shown in Fig.  1 (b) . Moreover, the impact of non-uniform switching rates of the semiconductor switching devices on the THD was investigated and presented in this section.
Impact of non-uniform switching rates on THD
The impact of the imbalance of the switching rate between the devices has been evaluated for three configurations in the full-bridge module. These are a) when only one of the four devices is switching at different rate which is referred to as "Asymmetrical", b) when two diagonal devices are switched at different rate which is referred to as "Inverted Symmetrical", c) when two devices in one leg of the full-bridge is switching at different rates which is referred to as "Non-Inverted Symmetrical". Corresponding to full bridge circuit in Fig. 5, Fig. 5(a) shows the asymmetrical configuration where the gate resistance used to drive IGBT4 is varied while the other gate resistances are constant. Fig.  5(b) shows the inverted symmetrical configuration where the gate resistances used to drive IGBT1 and IGBT4 are changed while the other gate resistances are held constant. Fig. 5(c) shows the last configuration where the gate resistances used to drive IGBT3 and IGBT4 are varied while the other gate resistances are held constant. Fig. 5 shows the impact of changing the gate resistances (for the three case scenarios) on the THD of the voltage. In each test configuration, the gate resistance(s) used to drive the respective IGBT was varied using 5 gate resistances namely, 10 Ω, 33 Ω, 47 Ω, 68 Ω and 100 Ω. This was done for the SiC MOSFET and the silicon IGBT power modules. As can be seen from Fig. 5 , the measured THD in the output voltage is approximately constant for the SiC MOSFET power module as the gate resistances are changed for the 3 test scenarios. This is thought to be due to 2 reasons i. High internal gate resistance in the SiC MOSFET makes the dV/dt less sensitive to changes in the gate resistance as opposed to lower internal gate resistances in silicon IGBTs ii. Very low internal parasitic capacitances cause significantly higher switching rates meaning that very high gate resistances are needed to cause an appreciable change in the dV/dt.
In case of IGBT power module, the THD reduces with reduced switching speed (higher gate ressitance) for all three scenarios. Moreover, the THD is most reduced in the scenario 3, where IGBT3 and IGBT4 is varied. 
Impact of Temperature and Switching Frequency on THD
In order to investigate the impact of temperature, because the devices under test were power modules mounted on a heatsink, variation of each individual device in the fullbridge was not feasible. Consequently, this parameter was investigated globally by varying the operating temperature of the whole module using a mounted hotplate to the backside of the module and controlling the temperature using a PID controller. Fig. 6 (a) and (b) illustrates the impact of temperature on the THD of Si IGBT and SiC MOSFET respectively. As can be seen, the THD of silicon IGBT reduces as the temperature rises. This is as a consequence of a reduction of the switching rate of the device with the temperature rise. In a nutshell, the THD of a trapezoidal switching shape is smaller than a rectangular shape. IGBTs have a charge storage region which stores minority carriers, hence, there is an amount of time required for electron-hole recombination to occur. This is known as minority carrier lifetime and is responsible for IGBT tail currents and PiN diode reverse recovery currents. Minority carrier lifetime in the IGBT is highly temperature dependent. Consequently, it can be observed that the switching rate of the IGBT slows down by increasing the temperature and as a result of this THD reduces.
As can be seen, the SiC MOSFET is less sensitive to temperature due to the fact that it is a unipolar device that does not exhibit tail currents. Furthermore, dV/dt in MOSFETs is less temperature sensitive because of the fact that it relies solely on the Miller capacitance discharge which is temperature invariant. Consequently, the switching rate of the device is not significantly affected by increasing the temperature. In addition, Fig. 6 shows that increasing the gate resistance significantly affects the resulted THD of the output voltage waveform and similarly at slower switching rates, the THD reduces with temperature. THD reduces slightly by increasing the gate resistance of the SiC MOSFET devices from 10 Ω to 100 Ω. Fig. 7 shows the impact of temperature and switching frequency of the SiC MOSFET module on the measured THD of the output voltage. As can be seen, the SiC MOSFET is not as temperature sensitive as the IGBT. However, the results show that increasing the switching frequency increases the total harmonics of the output voltage. It can also be seen that similar to Si IGBT, at higher switching frequencies, the THD is reduced by increasing the temperature. Fig. 7(b) shows similar measurements made on the SiC MOSFET module driven with RG=100 Ω. The trend shows temperature invariance at slower switching rates.
The impact of switching frequency on the THD analysis of the IGBT power module is shown in Fig. 8 . The results indicate that the THD increases as the switching frequency increases. Moreover, the impact of increase of temperature on THD is more evident at higher switching frequencies. In addition, the same measurements were carried out at higher gate resistances and the results show the same increasing trend as the switching frequency is increased.
However, as the gate resistance was increased, the rate of change of the THD with switching frequency reduced. It is worthwhile to mention that part of the THD in the output voltage of the Si IGBT at higher gate resistances is due to current shoot-through (short circuit) that happens when an IGBT is turned-on unintentionally. This problem is exacerbated when a device with a large gate resistance is in a phase leg with a complimenting device that is switched with a high dV/dt. In a nutshell, when a power device is switched with a high voltage commutation rate, the high dV/dt coupled with the Miller capacitance of the complimenting device generates a current. This current passes through the gate resistance of the complimenting device in the same phase leg and generates a gate-emitter voltage which can turn-ON the device if it is larger than the threshold voltage. The result is a surge of shoot-through current passing through both devices which affects the collector-emitter voltage. This significantly reduces the output voltage THD in the IGBT module. However, this shoot-through current brings about a very large power losses in the module and can cause the device to go to thermal runaway [6, 7, 8] .
Conclusion
In this paper, in-depth analysis on the impact of differential switching rates and junction temperatures on the devices in the H-bridge module is presented in the context of output harmonic analysis. The results show that in the Si IGBT power module, THD reduces with increasing temperature, reduced switching rate (increase of gate resistance), unipolar voltage switching scheme and increasing DC voltage. However, the temperature dependency of THD which was more significant for IGBTs cannot be used as a method for condition monitoring for SiC MOSFET. Since the SiC MOSFET is temperature insensitive and the THD remains constant.
